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ABSTRACT 

Context. The energy balance of cataclysmic variables with strong magnetic fields is a central subject in understanding accretion 
processes on magnetic white dwarfs. With XMM-Newton, we perform a spectroscopic and photometric study of soft X-ray selected 
polars during their high states of accretion. 

Aims. On the basis of X-ray and optical observations of the magnetic cataclysmic variable AI Tri, we derive the properties of the 
spectral components, their flux contributions, and the physical structure of the accretion region in soft polars. 

Methods. We use multi-temperature approaches in our xspec modeling of the X-ray spectra to describe the physical conditions and the 
structures of the post-shock accretion flow and the accretion spot on the white-dwarf surface. In addition, we investigate the accretion 
geometry of the system by a timing analysis of the photometric data. 

Results. Flaring soft X-ray emission from the heated surface of the white dwarf dominates the X-ray flux during roughly 70% of the 
binary cycle. This component deviates from a single black body and can be described by a superimposition of mildly absorbed black 
bodies with a Gaussian temperature distribution between fe7bb,iow := 2eV and kT bbhigh = 43. 9_t|"| eV, and A^h.ism = X 10 20 cirr 2 . 

In addition, weaker hard X-ray emission is visible nearly all the time. The spectrum from the cooling post-shock accretion flow is 
most closely fitted by a combination of thermal plasma mekal models with temperature profiles adapted from prior stationary two-fluid 
hydrodynamic calculations. The resulting plasma temperatures lie between ^mekal.Iow = 0.8*™ keV and kT MEKAL ^ gb = 20.0+ 9 6 \ keV; 
additional intrinsic, partial-covering absorption is on the order of Nj^ a = 3.3* 2 x 10 23 cirr 2 . The soft X-ray light curves show a dip 
during the bright phase, which can be interpreted as self-absorption in the accretion stream. Phase-resolved spectral modeling supports 
the picture of one-pole accretion and self-eclipse. One of the optical light curves corresponds to an irregular mode of accretion. During 
a short XMM-Newton observation at the same epoch, the X-ray emission of the system is clearly dominated by the soft component. 

Key words. Stars: cataclysmic variables - stars: individual: AI Tri - X-rays: binaries - accretion 
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\£> 1. Introduction AI Tri belongs to a significantly large group of AM Her 

^ — I ' systems that were found to emit almost entirely at X- 

•;AI Tri (RXJ0203.8+2959) was first described within a ray ener gies below 0.5 keV d uring t he ROSAT All-Sky 

sample of ROSAT-discoyered bright soft X-ray sources by Survey [B euermann & Thotnji fl993l iThomas etalJ [l998; 

g ■ i Beuermann & Thomas | dl993|). Their classification of AI Tri as | Be u er mannet alJll999h . Although these systems could play an 

^ ; an AM Her type binary (also called a polar) wasjater confirmed important ro i e m investigating the energy balance of polars, only 

j. . in a multiwavelength study by| Schwarz et alj Q998J), who iden- a few of them have been stu died using high-resolution X-ray 

j> ; tified cyclotron humps in optical spectra obtained during a high spectroscopy (iRamsav & Cropper 2003; RamsajSl [2004). 

^ , state of accretion. The orbital period of P orb = 4.6 hrs is one We> there fore, initiated dedicated observations with XMM- 

»— J ■ of the lon 8 est known amon 8 P° lars ' whereas the magnetic field Newton to perform „ detailed study of the spectral components, 

C$ ; strength of B = 38 ± 2 MG and the amplitude of the long-term their flux contributions, and the physical structure of the accre- 

brightness variations between V = 18 m - 15 m 5 dSchwarz et alj tion region of polars selected by their distinct soft x . ray fluxes 

[1998J) he in the typical parameter range of this class. Based on during high . states f accretion. In the following, we present an 

the wavelength dependence of the UBVRI light curve minima analysis of the magnetic cataclysmic variable AI Tri based on 

and the variations inboth the linear and the circular polarization, new XMM-Newton and optical data, and archival ROSAT data. 
Kataiainen et al. (2001) suggest that the system has a high incli- 
nation of i « 70° + 20° and accretes onto two almos t equal ly fed 

magnetic poles. On the other hand, ISchwarz et af] (fi998b pro- 2 - Observations and data reduction 

pose that a single dominating accretion region is active at the £ j X-ray observations 
epoch of their observations. 

With XMM-Newton, we obtained a 20ksec (5.6 hrs) exposure 

Send offprint requests to: I. Traulsen during a high state of AI Tri on August 22, 2005 (observa- 

* Based on observations obtained with XMM-Newton, an ESA sci- tion ID 0306841001), which covers for the first time uninter- 

ence mission with instruments and contributions directly funded by ruptedly more than one complete binary orbit. The EPIC instru- 

ESA Member States and NASA. ments were operated in full frame mode with the thin filter. The 
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Table 1. Log of the ROSAT and XMM-Newton observations and of the optical photometry of AI Tri. 



Date 


Telescope" 


Instrument 


Filter 




^cycle [s] 


Duration [h] 


Observer 


1998 Jan 15-Feb 05 


ROSAT 


HRI 


0. 1-2.4 keV 






9.6 


PI Schwarz 


2005 Aug 15 


XMM-Newton 


EPIC/pn 


0.1-10keV 






0.3 


PI Reinsch 


2005 Aug 15 


XMM-Newton 


EPIC/MOS 


0.1-10keV 






1.4 


PI Reinsch 


2005 Aug 15 


XMM-Newton 


OM 


UVM2 






1.1 


PI Reinsch 


2005 Aug 15 


XMM-Newton 


RGS 


0.3-2.5 keV 






1.3 


PI Reinsch 


2005 Aug 22 


XMM-Newton 


EPIC 


0.1-10keV 






5.6 


PI Reinsch 


2005 Aug 22 


XMM-Newton 


OM 


UVM2 






5.6 


PI Reinsch 


2005 Aug 17 


AIP70cm 


TK 1024-01 


V 


60 


66 


6.5 


Schwarz 


2005 Aug 29 


AIP70cm 


TK 1024-01 


V 


60 


66 


7.6 


Schwarz 


2006 Nov 09 


IAG50cm 


STL-6303E 


WL 


180 


191 


6.6 


Traulsen 


2006 Nov 15 


IAG 50 cm 


STL-6303E 


V 


240 


251 


4.7 


Traulsen 


2006 Nov 16 


IAG50cm 


STL-6303E 


V 


240 


247 


1.8 


Traulsen 


2007 Jan 14 


IAG 50 cm 


STL-6303E 


V 


90-180 


97-187 


2.2 


Traulsen 


2007 Jan 25 


AIP70cm 


TK 1024-01 


V 


90 


95 


4.6 


Schwarz 


2007 Jan 29 


MoNET/North 


Alta E47+ 


V 


15 


18 


1.8 


Hessman 


2007 Jan 30 


MoNET/North 


Alta E47+ 


V 


15 


18 


2.0 


Hessman 


2007 Mar 14 


IAG 50 cm 


STL-6303E 


V 


150 


157 


1.8 


Traulsen 


2007 Mai' 14 


AIT 80 cm 


STL- 100 IE 


V 


20-30 


23-33 


1.5 


Nagel 



AIP: Astrophysikalisches Institut Potsdam. IAG: Institut fiir Astrophysik Gottingen. AIT: Institut fur Astronomie und Astrophysik Tubingen, 



Abt. Astronomie (Kepler Center for Astro and Particle Physics). 



UV light curve at an effective wavelength of 23 10 A was mea- 
sured simultaneously using the Optical Monitor (OM) in fast 
mode with the UVM2 filter. RGS spectra were not used from 
this pointing, since the X-ray flux of the object was too low, and 
the net source count rate measured by the RGS instruments was 
consistent with zero for more than 80 % of the exposure time. 

Data were reduced using the XMM-Newton Software 
Analysis System sas v8.0. Large parts of the exposure were af- 
fected by an enhanced background signal. We omitted two time 
intervals from the analysis (Fig.[TJ: a strong soft proton flare af- 
ter 15 ksec and the last 2ksec of the observation, when the satel- 
lite approaches the Van Allen radiation belt. During these inter- 
vals, a considerable spectral hardening at energies above 3 ke V 
and spectral softening at energies below 1 keV were detected. 

When extracting light curves, spectra, and images, single 
and double events were processed in the case of EPIC/pn data, 
supplemented by quadruple events in EPIC/MOS data. Phase- 
resolved spectra were generated during the four phase intervals 
defined in Sect. [3] Source data were collected from an aperture 
of 25 arcsec around the source center, background data from a 
larger source free region close to the source position. To dimin- 
ish potential pile-up effects, we excluded the innermost 5 arcsec 
of the source region when extracting the mean EPIC/pn spectrum 
and the bright-phase spectra, where the peak count rates (source 
plus background) reach 6 - 8 cts s" 1 for EPIC/pn and 3 - 4 cts s _1 
for EPIC/MOS, respectively. Appropriate spectral response ma- 
trices were generated for the individual instruments and extrac- 
tion regions applying calibration files from the July 2008 release. 
Spectral bins comprise a minimum of 20 cnts (mean EPIC/pn 
spectrum: 30 cnts). Photon arrival times were corrected to the 
barycenter of the solar system via the barycen task. 

In the soft energy regime below 0.9 keV, where the 
calibr a tion is known to be least precise fStuhlinger et alJ 
2008; Mate os et al .] 120091) . we use the isolated neutron 
star RX J 1856.4-3754 to calibrate the EPIC spectra. 
RX J 1856.4-3754 was established as a low-energy cali- 
bration target for missions such as Chandra, Suzaku, Swift, 
and XMM-NewtonQ and exhibits a high soft X-ray and low 



1 International Astronomical Consortium for High Energy 
Calibration, http : //www . iachec . org 



optical flux. Its spectrum is free from promi nent line features 
and d escribed well by two black bodies dBeuermann et alJ 
2006). We compare archival XMM-Newton EPIC data of 
RX J1856.4-375 4, which span more than five years, with the 
model spectra of iBeuermann et all (120061) and carefully adjust 
the instrumental effective areas. In this approach, we assume that 
the energy redistribution is independent of the incident energy 
when considering only objects with very soft X-ray spectra. The 
discrepancies between data and model remain mostly below 
5 %, with larger excesses up to 20 % for EPIC/MOS2. 

A first XMM-Newton observation of AI Tri on August 15, 
2005 in the same configuration as described above resulted in 
partially corrupted data (observation ID 0306840901) due to 
technical problems. During 1.1 to 5 ksec (0.3 to 1.4hrs), EPIC, 
RGS (1st order), and OM data are usable. We apply the same 
data reduction steps as applied to the data acquired on August 22, 
2005. With peak count rates of 21 cts s _1 collected by EPIC/pn 
and 1.4 cts s by the RGS detectors, the source flux was consid- 
erably higher than one week later. Therefore, we extended the 
EPIC/pn aperture to 30 arcsec, excising the innermost 7 arcsec. 
The EPIC spectra were rebinned to at least 20 counts per bin. 

In addition, we used unpublished ROSAT archival data ob- 
tained between January 15 and February 5, 1998 with the 
HRI detector. The total integration time of 35 ksec (9.6 hrs) 
consisted of nine observation intervals. The individual light 
curves were extracted w ith standard tasks of the exsas/Midas 
(IZimmermann et all 1 19931) software packages, corrected to the 
barycenter, and combined to a common light curve profile. 

2.2. Optical data 

At the Gottingen 50 cm, the Potsdam 70 cm, the MoNET/North 
(Texas) 1 .2 m, and the Tubingen 80 cm telescopes, we carried 
out optical V-band and white-light photometry during ten nights 
between August 2005 and March 2007. AI Tri was found in 
high or intermediate high states at estimated brightnesses be- 
tween V = 17™0 and 15™5. Fo r data reduction an d differen- 
tial photometry, we used tripp (ISchuh et al.l l2003f) and ESO- 
Midas routines. Light curves were determined using differen- 
tial aperture photometry. Apparent magnitudes of the system 



2 



I. Traulsen et al.: X-ray spectroscopy and photometry of AI Tri with XMM-Newton 



■ Source region 
V ■ Background 
a 6 - 




Table 2. Barycentric timings of the V-band minima of AI Tri. 



10 

Time [ksec] 

Fig. 1. EPIC/pn X-ray intensity in both the source region (source plus 
background) and the source-free background region during the 20 ksec 
XMM-Newton observation, binned into time intervals of 10 s. 



were calculated against the V-band magnitudes of the compar- 
ison stars USNO-B 1 .0 1 199-0026710 (V = 13 m 29 + (T05) and 
USNO-B1.0 11 99-0026672 (V = 14?62 + 0^05) determined by 
Schwarz ( 1996). Fluxes are given relative to their orbital mean, 
and flux errors were derived by means of photon statistics. The 
times were converted to Terrestrial Time and corrected to th e 
barycenter on the basis of the JPL ephemeris (Standish 1 9981) . 
An overview of all the data obtained is given in Table [T] 

3. Optical, UV, and X-ray light curves 

3. 1 . Optical photometry 

The optical V-band light curves of AI Tri (e. g. Fig. |2f) dur- 
ing high and intermediate high s tates of accretion are la rgely 
similar to the data presented by iKataiainen et al.l d2001l) and 
ISchwarz et alJ (Il998l) . The orbital modulation deviates from a 
sinusoidal shape and is slightly asymmetric showing a steeper 
rise and smoother decline. An irregular pattern of narrow small 
dips is superimposed on the light curves, one dip recurring at 
photometric phase zero, which has not been seen in earlier data. 

The orbital period of AI Tri has not been known accu- 
rat ely enough to e xtrapo late the photometric ephemeris given 
by [Sc hwarz et al. (1998j) to the epochs of our observations. 



Sch warz et al.l ( 1 9981) established photometric phase zero at the 
broad minima of the optical high-state light curves, the only 
recurrent feature that could be identified in the vast majority 
of the light curves. Using timings of six new V-band minima 
mapped between Augus t 2005 and March 2007 in addition to 
the data published by Schw arz et al.l (1 1998b . we updated their 
photometric ephemeris. We determined the minima by perform- 
ing Gaussian fits to the light curves, excluding the dips (Tabled. 
By means of a least-squares method, the inverse square sum of 
observed minus calculated minimum times (O - Cy 1 was mini- 
mi zed for narrowly spac ed trial periods within a ±10 cr range of 
the lSchwarz et al.l (U998) value. We derived the improved V-band 
ephemeris 

BJD min (rr) = 2451 439^039 1(10) + 0*19174566(9) x E, 

which we use thr oughout this paper. 

In addition, ISchwarz et all d!998l) determined an orbital 
ephemeris of the system from long-slit spectroscopy. They de- 
fined i/j or b = at the blue-to-red zero crossing of the radial ve- 
locities, which corresponds to i^ p hot = 0.191 + 0.080, and iden- 
tified it with the inferior conjunction of the secondary. A con- 



BJD ram (TT) 


AT 

mm 


O-C 


Cycle 


2449 243.93702" 


0.0008 


0.0114 


-11448 


2450042.36390" 


0.0017 


0.0008 


-7 284 


2450043.51363" 


0.0009 


-0.0031 


-7 278 


2450046.39803" 


0.0029 


0.0398 


-7 263 


2450047.54570" 


0.0014 


0.0252 


-7 257 


2450049.26491" 


0.0013 


-0.0087 


-7 248 


2450049.45553" 


0.0011 


-0.0146 


-7 247 


2450122.32708" 


0.0019 


0.0281 


-6 867 


2450123.28113" 


0.0013 


0.0037 


-6 862 


2450423.36107" 


0.0009 


-0.0068 


-5 297 


2450748.74298" 


0.0047 


-0.0613 


-3 600 


2450748.95113" 


0.0063 


0.0242 


-3 599 


2453 612.47355 


0.0003 


-0.0133 


11335 


2454055.59847 


0.0014 


-0.0096 


13 646 


2454115.23645 


0.0006 


0.0169 


13 957 


2454126.35745 


0.0007 


0.0156 


14015 


2454129.62165 


0.0008 


0.0392 


14032 


2454174.27428 


0.0072 


-0.0865 


14265 


^ISchwarzetalJdWSh 



stant relation between photometric and orbital phase can be as- 
sumed, if the s ystem rotates synchronously, as most poiars do. 
ISchwarz et al.l d!998l) derived a degree of synchronism better 
than \P olb - .PspiJ/forb < 10" 4 for AI Tri. We show the orbital 
phasing as <£> pno t - 0.191 at the top of Fig. [2] since it can provide 
geometrical information about the system (Sect. [6]). 



3.2. XMM-Newton light curves 

The observation with the Optical Monitor and the UVM2 fil- 
ter at an effective wavelength of 23 10 A presents the first mid 
ultraviolet light curve of AI Tri (Fig. |2^). It exhibits a roughly 
similar shape but larger amplitude than the optical light curves, 
an almost sinusoidal variation, and an additional dip in the light 
curve minimum near (p p hot = 0.05. This dip is shifted by about 
Aip = 0.05 in phase relative to the dip within the optical min- 
imum. The UV maximum at </? p h t = 0.45 appears to be flat- 
tened, but due to the lack of additional UV data it remains un- 
clear whether this feature recurs or is unique. 

From the 20 ksec exposure performed by the EPIC instru- 
ments, we extracted the first continuous X-ray light curves of 
AI Tri over a full binary orbit (Fig. |2j)-c). Two X-ray bright 
phases during the intervals </) p h t = 0.05 - 0.40 and (p p hot = 0.50 
- 0.80, as defined by the ephemeris given above, commence with 
a steep rise at y P hot = 0.05. They are interrupted by a short soft 
minimum at i^ p hot = 0.40 - 0.50 and a larger interval of low flux 
between ^ p h t = 0.80 and 1.05 (faint phase). The flux variation is 
most pronounced in the soft energy band, the bright phases last- 
ing about 70 % of the orbital period, while hard X-ray emission 
remains visible at a low level at all times. The hard X-ray flux 
increases by a factor of about three at the beginning of the first 
bright soft phase and varies slightly during the second one. 

The hardness ratio HR=(H-S)/(H+S), where H and S rep- 
resent the counts at energies above and below 0.5 keV, respec- 
tively, correlates largely with the light curves in the soft energy 
band, and tends to +1 during faint and to -1 during bright phases 
(Fig. |2jl). Throughout the soft minimum at (/j pno t = 0.45, the 
hardness ratio levels off around and thus differs from the faint- 
phase behavior, where it rises to values around 0.7. Similar char- 
acteristics of the light curves are found from the ROSAT/HRI 
data between January 15 and February 5, 1998 (Fig. Et). 
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Orbital phase 
0.0 0.2 0.4 




-0.4 



-0.2 



0.0 



Orbital phase 

0.2 0.4 0.6 



0.0 0.2 0.4 0.6 0.8 

Photometric phase 



1.0 



Fig. 2. X-ray, ultraviolet, and optical light curves of AI Tri folded over 
photometric phase. O rbital phase as tp orb = <p phot - 0.191 according to 
ISchwarz et atl dl998n is marked at the top of the plot. a. ROSAT/HRI 
data of Jan./Feb. 1998 with a total integration time of 35 ksec, com- 
bined to a common light curve profile and rebinned into 30 s intervals. 
b.-d. EPIC/pn light curve on August 22, 2005, divided into the soft 
component S, the hard component H, and the associated hardness ra- 
tio HR=(H-S)/(H+S). The soft band data have been binned into 10 s, 
the hard band and the hardness ratio into 100 s. e. OM light curve in 
the ultraviolet UVM2 filter at an effective wavelength of 23 10 A in time 
bins of 30 s.f. Optical V-band data obtained at the Gottingen 50 cm tele- 
scope on November 15, 2006, plotted twice for clarity. 
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1.2 



Fig. 3. Multi-wave-band light curves obtained with XMM-Newton on 
Aug. 15 fa. -c.J and with the Potsdam 70cm telescope on Aug. 17, 2005 
(d.). The X-ray data are binned into 10 s intervals, the ultraviolet into 
30 s, and the hardness ratios into 100 s, respectively. Grey lines indicate 
the phases of high and low soft X-ray flux in the 20 ksec exposure. 



3.3. Irregular mode on August 1 7, 2005 

The V-band light curve on August 17, 2005 (Fig. [3}i) differs 
markedly from the majority. At a magnitude around V = 16™0 
(close to that during high states of accretion), the light curve 
is strikingly variable and more asymmetric than in normal high 
states; the photometric minimum appears to be shifted by 0.2 
in phase. In consequence, we did not include this peculiar light 
curve in the determination of the new ephemeris. During the next 
observation on Aug ust 29, the V-band l ight curve fits in the pre- 
vailing shape again. ISchwarz et al] d 1998b described a compara- 
ble phase-shift with an altered light curve shape in their R V pho- 
tometry of October and November 1992 as an 'irregular mode'. 

The irregular light curve was observed only two days af- 
ter the curtailed XMM-Newton exposure on August 15, 2005 
(Fig.|3ji-c). The EPIC/MOS and RGS1 data cover phases tp phot = 
0.35-0.65 and EPIC/pn y> pno t = 0.58-0.65, respectively. This is 
equivalent to the soft minimum phase and about the first half of 
the second bright phase of the August 22 light curves. The EPIC 
count rate in the soft energy band, marked by pronounced flick- 
ering, is about a factor of eight higher than one week later. In 
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contrast, little hard X-ray emission was registered, not exceed- 
ing the low level of hard X-rays on August 22. The hardness 
ratios remain almost constant at about -0.87, even during the 
Vphot = 0.4 - 0.5 interval, where they increase to zero in the 
August 22 data. The ultraviolet light curve has similar magni- 
tudes as on August 22. Owing to the insufficient coverage of the 
orbital cycle, the appearance of the soft X-ray minimum and a 
potential phase shift cannot be determined. 

3.4. Short-period variations 

The multiwavelength light curves are highly variable and ex- 
hibit, on timescales as short as one minute, strong and po- 
tentially recur r ing fl ickering, which is typical of soft polars. 
ISchwarz et al.l dl998l) describe possible quasi-periodic oscilla- 
tions (QPOs) at 6.5 - 7min and 13.5 - 14min in their optical 
data. We examine three highly resolved light curves with cycle 
times below 100 s, obtained between January 25 and 30, 2007, 
to investigate this feature. Substructure on a timescale of sev- 
eral minutes is clearly identifiable, as demonstrated for instance 
in Fig. |4] After subtracting a strongly smoothed light curve to 
remove the low-frequency variations, a Lomb-Scargle analysis 
dLombl 1 976tlScarglel 1 9821) was performed to search for period- 
icity. The periodogram in Fig. [5] shows the typical broad max- 
ima, which could be associated with quasi-periodic flickering, 
but may also arise from a superimposition of different patterns. 
To exclude false positives, the influence of aperiodic, random 
brightness variations has to be considered. Such low-frequency 
flickering or 'red noise' is caused by unsteady mass transfer and 
has to be distinguished from the more regular, quasi-periodic os- 
cillations, excited by larger blobs in the accretion stream. To re- 
produce the red-noise and window effects in the observations, 
the observed power spectral density (PSD) is fitted with a power 
law over frequency, and light curves with similar mean count 
rate, standard deviation, and PSD shape are simulated on the 
time grid of the observed data. We adopt the Monte Carlo ap- 
proach of Ben lloch et al.l (12001 1) , which they use in the search 
for QPOs from active galactic nuclei, and determine confidence 
levels from the periodograms of 10000 fake light curves with 
the same power-law-shaped PSD. The corresponding levels of 
99.9 %, 99 %, and 95 % significance are overplotted in Fig. [5] 
At two periods around 8 min and 5 min, the power spectrum ex- 
ceeds 99.9% significance, so the featu res may be consider ed to 
be real. The QPO frequencies found bv lSchwarz et al.l(ll998l) are 
not significant at the 99.9% level. 

No low-frequency periodicity was found in the XMM- 
Newton ultraviolet and soft X-ray light curves. All spikes in 
the periodogram lie well below the 90 % confidence level. Rapid 
variations in the soft X-ray light curves are obvious, but no reg- 
ular or periodic pattern is detectable. 



4. X-ray spectroscopy 

With XMM-Newton, we obtained the first well resolved X- 
ray spectra with full orbital phase coverage of AI Tri. We 
used them to constrain the physical conditions and the struc- 
ture of the accretion region on the white dwarf surface and 
of the post-shock accretion flow, and to compare the over- 
all flux contributions from both origins. For this purpose, we 
analyzed the background-subtracted X-ray spe ctra by means 
of multi-component models using xspec vl2.5 (lArnaudlll996l 
iDorman et al. f l200l . Initially, we modeled the time-averaged 
spectrum with single-temperature approaches for the soft and 




0.8 1.0 
Photometric phase 

Fig. 4. V-band light curve acquired on January 25, 2007 at the 70 cm 
telescope of the Astrophysical Institute Potsdam. Cycle time is 100 s. 




10 15 
Period [min] 

Fig. 5. Periodogram based on the highest time resolved V-band data 
from Jan. 2007. In grey, the 95%, 99%, and 99.9% significance levels. 



hard X-ray components. More complex and physically more rel- 
evant models were considered to improve the quality and the 
validity of the fits. In this context, we investigated separate fits 
to the spectra in the energy bands above and below 0.5 keV, 
and combined fits to the total spectrum. In a second step, we 
analyzed the average spectra of four characteristic phase in- 
tervals to constrain the accretion geometry. In all fits, we de- 
scribed the interst ellar absorption usin g the tbnew modeQ with 
the abundances of Wilm s et al. I d2000h and the cross-sections of 
IVerner & Ferlandl (1 19961) and lVerneret al l (Il996h . EPIC/pn and 
MOS data are modeled simultaneously. Treating the different in- 
struments individually does not improve the fit quality, as tests 
via F-statistics confirmed. All errors are given at a 90 % level of 
confidence in the following. 



4. 1 . Soft X-ray component (accretion spot) 

The flux contribution of the white dwarf was described by ab- 
sorbed black bodies, mainly forming the spectral range below 
0.5 keV and originating in the accretion-heated stellar surface. 
The spectra exhibit deviations from a single black body that 
cannot be explained merely by uncertainties in the calibration. 
Within the accretion region, a wide range of temperatures is ex- 
pected between the base of the accretion column and the un- 
heated white-dwarf surface. To approximate this structure, we 



- Based on tbvarabs in xspec dWilms etalj|2000h . tbnew provides 
refined cross-sections. See 



http: //pulsar. sternwarte.uni-erlangen.de/wilms/research/tbabs 
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Table 3. Results of the best xspec fits to the total and to the phase-resolved EPIC spectra of AI Tri. 
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(a) The soft component in all models is a multi-temperature black body with maximum temperature fcTbb- {b) Bolometric black-body luminosities 
are determined as Lbb.boi = 2nd 2 F bb , and the model fluxes by means of the cflux model. (c) Simultaneous fit to EPIC and RGS data. 



fitted multi-component black-body models, employing differ- 
ent Gaussian and exponential distributions of temperatures and 
emitting surface areas. They improved the fit statistics in the en- 
ergy range below 0.6 keV to = 1.1, compared to x^ ed = 1-3 
for a single absorbed black body. For the final fit over the whole 
energy range, we used black bodies with a Gaussian distribu- 
tion of temperatures and coupled emitting surface areas, fixing 
the minimum temperature at a typical white-dwarf surface tem- 
perature of A:7bb,iow := 2eV (~23 000K). A maximum number 
of fifteen constituents were sufficient to reproduce a smooth tem- 
perature profile with small temperature steps, not exceeding 5 eV 
between neighboring black-body components. The free parame- 
ters of the model were the temperature and the normalization of 
the hottest component. The model spectrum shows a shallower 
slope than a single black body. The highest X-ray flux arises 
from the hottest components with small effective areas, while the 
low-temperature black bodies covering larger surface areas con- 
tribute little to the total soft X-ray emission. The best-fit solution 
infers temperatures of as high as &7bb,Mgh = 43.9^2 eV, which 
corresponds to a characteristic temperature kThh ~ 39.5 eV of 
a single black-body component. The hydrogen column absorp- 
tion of A^h.ism = 1-51q7 x 10 20 cirr 2 is on the same order as 
the Galactic N » of up to 5 x 10 20 cm" 2 towards AI Tri listed by 
iKalberla et ail (2005) and lDickev & Lockmanl ( 1 19901) . 

4.2. Hard X-ray component (post-shock accretion flow) 

To reproduce both the diffuse hot plasma and physical structure 
of the (post-)shock accretion column, we compared a number of 
different emission models (Table [3). Fits involving several in- 
dependent plasma components provide a smaller \ 2 than those 
with one mean temperature and, thus, demonstrate that emission 
regions at different temperatures influence the spectral shape. 
Multi-temperature models in xspec comprise a sum of mekai0 

3 mekal (e. g. lMewe et alJI 19851 ; iLiedahl et alj|1995f) models include 
spectral continuum and element lines from a hot, optically thin plasma 



emission model components. We tested cemekl, where the emis- 
sion measures are proportional to a power law over temperature, 
and the cooling flow mkcflow (Table [3}. Using plasma models 
without considering the accretion physics, however, may lead to 
uncertain or erroneous bolometric flux estimates. Flux and lu- 
minosity ratios, used for investigating the energy balance (see 
Sect.[5]l, depend strongly on the model choice. We employ multi- 
temp erature plasma models based on the emission region mod- 
els of lFischer & Beuermannl(l2001l) . They calculate the radiative 
transfer for bremsstrahlung and cyclotron radiation in a station- 
ary two-fluid plasma. The local mass flow density is treated as 
the main free parameter and determines temperatures and shock 
height. For a characteristic primary mass of Mwd = 0.6 Mq, 
they derive temperature and density structures. We adopt these 
to account for the wide parameter range in the post-shock accre- 
tion column and to establish relations between the temperatures 
and the emission measures of several mekal components, assum- 
ing that optically thin conditions dominate. The element abun- 
dance, the emission measure, and the temperature of the coolest 
component are the free parameters for each B - m combination. 
In addition, a common absorption term is needed for the total 
plasma spectrum, which accounts for intrinsic absorption by ma- 
terial surrounding the emission region in the accretion column. 
We employ the partial-covering pcfab s and the solar metal abun- 
dance ratios of iGrevesse et al.l d2007l) in the plasma models. 

In a single-temperature mekal fit to the accretion-column 
spectrum of AI Tri, larger residuals remain around 1 keV and 
between 3 and 5 keV. The multi-temperature plasma models de- 
scribe the emission lines more precisely and improve the fit ac- 
curacy. The cemekl model clearly underestimates the continuum 
flux at energies above 7 keV, while mkcflow and accretion-flow 



based on the assumptions of collisional ionization equilibrium and 
Maxwellian electron and ion energy distributions. Calculating the con- 
tinuum radiation involves free-free, free-bound, and two-photon emis- 
sion. Electron impact, radiative and dielectronic recombination, and 
inner-shell excitation and ionization contribute to the line transitions. 
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Fig. 6. EPIC spectra extracted from the 20 ksec exposure of AI Tri on 
August 22, 2005. The best-fit model consists of mildly absorbed black 
bodies, combined with partially absorbed multi-MEKAL plasma emission. 



models yield similar parameters. Closest approximation of the 
spectral lines is achieved when using the multi-MEKAL accretion- 
flow s pectrum with the tempe r ature structure following the mod- 
els of iFischer & Beuermannl (1200 ll "accretion flow" model in 
Table [3J. The magnetic fi eld strength was fixed at B = 40 MG, 
referring to the result of ISchwarz et al.1 (Il998l) . From fits with 
mass flow densities between m = 0.01 and 100gcm _2 s _1 , an 
average m — 0.1 g cm _2 s _I is derived. The best-fit solution infers 
a reduced ^ 2 ed = 0.94 at 318 degrees of freedom, plasma tem- 
peratures between fcr M EKAL,iow = 0.8^keV and £r M EKAL,high = 
20.0^ j keV, and 1.3*i'9 times the solar abundances (Pig. [6j>. 

Neither of the tested plasma models completely reproduces 
the spectral slope at energies above 4keV. The deviations may 
be caused by remaining unresolved emission lines, which re- 
quire a modified temperature structure or metal abundances. 
Alternatively, reflection of the continuum from the white-dwarf 
surface may harde n the spectrum for energies above several 
keV, as iDone et ail (1 19951) expound for the GINGA spectra of 
EF Eri. The residuals around 1 keV can indicate photoioniza- 
tion effects. A n additional warm absorber model c omponent 
such as absori ( Done et al. 1992; Zdziarski et al.ll 19951) or xstar 
dKallman & BautistaT bOQll: iGarcfa et al.1 120051) accounts more 
accurately for the spectral shape, but introduces too many free 
parameters. 

4.3. Phase-resolved modeling 

The 20 ksec XMM-Newton exposure was divided into four 
phase intervals, characterized by the varying amount of soft X- 
ray emission and the associated hardness ratios (cf. Fig. |2). We 
extracted and modeled spectra for each of the intervals sepa- 
rately. Since the number of counts are lower than in the complete 
data set, we used absorbed multi-black body plus single mekal 
models. The element abundances were fixed to those of the solar 
distribution, which is approximately the orbital mean. 




0.1 0.5 1.0 5.0 

Energy [keV] 



Fig. 7. Simultaneous fit to the XMM-Newton EPIC and RGS spectra 
on August 15, 2005 with the multi-temperature black-body plus single 
absorbed mekal model, as described in the text. 



During the two X-ray bright phases, the spectral parame- 
ters agree remarkably well. Both the black-body luminosity and 
emitting surface area exceed the values derived from the fits to 
the total spectrum, while the contribution of the plasma compo- 
nent remains nearly constant. Owing to the higher background 
flux during the second bright phase, the fit is affected by larger 
uncertainties in the mean plasma temperature. On the whole, the 
two bright phase spectra are identical within the error bars. 

Apart from an intermittent soft flare before (p p hot = 1 -0, the 
soft X-ray count rate is consistent with zero during the faint 
phase. The hardness ratio reaches a mean value of HRf a ; nt = 
+0.53 + 0.01 and a maximum of one. The model temperatures 
and the intrinsic absorption overlap with the bright-phase values 
within the large error bars and may be considered to be constant. 
A low signal-to-noise caused by the high background count rate 
is the main source of the uncertainties in the fit. 

During the soft minimum phase interval, the low count rate 
also leads to a poorer fit accuracy. The black-body flux dimin- 
ishes, and the hardness ratio HR so f tm j n = -0.43 + 0.01 is sim- 
ilar to the orbital mean of HR mean = -0.43 + 0.09. In paral- 
lel, the intrinsic absorption increases substantially to Nu.m = 
1-5*H x 10 24 crrT 2 , and the mekal norm rises, such that the 
plasma component contributes more significantly to the total X- 
ray flux within the XMM-Newton energy range. 

4.4. XMM-Newton data on August 15, 2005 

From the 1.1 to 5 ksec XMM-Newton observation on August 15, 
2005, EPIC and RGS first order spectra were extracted and fit- 
ted simultaneously (Fig. [7J. Since most of the signal was de- 
tected at energies below 1 keV (HR= -0.94 + 0.06) and the 
hard X-ray component almost vanished, we chose an absorbed 
multi-temperature black-body model plus a single mekal with 
fixed solar element abundance. The black-body parameters dif- 
fer only marginally from the best fit to the 20 ksec exposure on 
August 22, 2005. The source flux estimated from the xspec fits, 
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Energy [keV] 



Fig. 8. Spectral energy distribution of AI Tri. To the right, EPIC/pn 
spectra from both the XMM-Newton pointings on August 15 and 22, 
2005. To the left, the corresponding OM/UVM2 spectral points and the 
V-band observations on August 17 and 29, respectively, each with or- 
bital minimum and maximum flux. On August 15, the UV minimum 
flux is unknown for lack of phase coverage. Overplotted are the best-fit 
models (solid lines) as described in the text, their individual components 
absorbed black body (dotted) and mekal (dashed) for each observation, 
and a non-LTE white-dwarf model spectrum at r eff = 20000 K (black). 



however, was at least a factor of ten higher than that during the 
20 ksec exposure one week later. The significant increase in the 
flux was caused mainly by the dominant soft X-ray component 
and a larger emitting surface area. 

4.5. UVflux 

To extend the spectral energy distribution coverage, we con- 
verted photometric measurements obtained at ultraviolet and op- 
tical wavelengths into energy flux units. The total OM/UVM2 
flux in the range between 2050 A and 2450 A was calculated 
from the corrected count rate using the conversion factor from 
white dwarf standards, where 1 count s _1 is equivalent to 2.2 x 
10~ 15 erg cur 2 s _1 A _1 . It is similar in both the observations. 
Figure |8] shows the spectral points from our OM/UVM2 and V- 
band photometry, the EPIC/pn spectra, and the best-fit black- 
body plus mekal models. To be able to compare with the flux 
contribution of the unheated primary, a hydrogen-helium non- 
LTE white-dwarf atmosphere spectrum was calculate d using 
the modeling package NGRT dWerner & Dreizlerll 19991) . whose 
predicted flux can serve as an approximate lower limit to the 
low-energy emission of the sys tem. We assume a distance of 
d ~ 620 pc dSchwarz et al.ll 19981) and a typical effective temper- 
ature of r eff = 20 000 K for the white dwarf (Fig. ©. The orbital 
means of optical and UV flux exceed the models by factors up to 
40 at both observational epochs. This is not surprising, as other 
system components such as the accretion stream can contribute 
significantly to the optical and UV flux. It is also cons istent with 
the optical spectra presented bv lSchwarz et alJ dl998l) . in which 
no signatures of the white dwarf could be detected. The emit- 
ting surface area of the low-temperature model components may 
be, in addition, significantly larger than derived from the X-ray 
spectra. The UV data points can thus be taken to represent an 
upper limit, which is not violated by the spectral components 
required to model the X-ray range. 



5. On the soft-to-hard X-ray flux ratios 

Several polars have a distinctly higher luminosity at soft than 
at hard energies. The true fraction of systems exhibiting this 
'soft X-ray excess' continues to be a topic of discussion. The 
phenomenon is apparently connected to the scenario of in- 
homogeneous a nd time-dependent ( 'blobb y') column accre- 
tion proposed by Kuiipers & Pringle ( 1982) and developed fur- 
ther by iFrank et all (119881) . The am ount of the excess in- 
creases with magnetic fie l d strength dBeuermann & Schwopel 
l!994tlRamsav et al.lll994l) . lBeuermann & Burwitzl dl995l) point 
out that at a high field strength (B > 30 MG) and a 
relatively low accretion rate, cyclotron emission rather than 
bremsstrahlung becomes the main cooling process, causing 
an enhanced soft X-ray flux. Mass flow rate, magnetic field 
strength, and white-dwarf mass thus regula t e the energy balance 
in pol ars (cf. iFischer &~ Beuermannl l200ll) . iRamsav & Cropperl 
(2004) examine new XMM-Newton and re-calibrated ROSAT 
data. Considering geometrical effects and the influence of ac- 
cretion blobs, they derive soft-to-hard ratios close to one for the 
majority of the observed systems and conclude that fewer polars 
than previously understood exhibit a notable soft X-ray excess. 
With its strong magnetic field and known high soft X-ray emis- 
sion, AI Tri is a suitable target to investigate the potential con- 
nection between system parameters, flaring signals from blobby 
accretion, and flux ratio. 

5. 1 . Photometric signs of blobby accretion 

Rapid variations characterize the optical as well as the X-ray 
light curves and are most likely caused by inhomogeneous ac- 
cretion. Prominent flares may occur, when dense blobs im- 
pinge on the white-dwarf atmosphere. In the X-ray light curves, 
individual accretion events cannot be identified, though their 
shapes are probably formed by superimposed emission from 
multiple blobby events. This differs from the situation for the 
purely blobby accre ting long-period polar VI 309 Ori, where 
Schw arz et all d2005l) distinguished single accretion flares. The 
possible quasi-periodic oscillations in the optical light curves 
(Sect, \3.4i , which may arise from blob-excited oscillations of 
the sho ck front, are in addit ion indicative of inhomogeneous ac- 
cretion. Shafter et aQ dl995l) also report on QPOs at multiple fre- 
quencies in optical light curves of VI 309 Ori. 

5.2. Flux ratios from multi-temperature spectral modeling 

The soft-to-hard X-ray flux ratios can be derived from unab- 
solved bolometric luminosities. The observed data, however, 
cover only part of the spectral energy distribution, so the total 
flux has to be extrapolated and thus strongly depends on the 
choice of the model and its assumptions. In particular, results 
from former ROSAT analyses are uncertain, since the hard X- 
ray component had to be approximated with bremsstrahlung and 
the temperature could not be constrained from the spectral fits. 

Our multi-temperature black-body and mekal model fit to 
the 2005 August 22 XMM-Newton spectra yields the typical 
parameters of the high-ener gy distribution of CV s. Using the 
distance estimate of AI Tri dSchwarz et alJ fl998l) d = 620 + 
lOOpc, it results in an unabsorbed black-body luminosity of 
L bb = 2.0^| x 10 32 (<i/620pc) 2 ergs~ 1 and an integrated X- 
ray flux F\, Q i = 1.3*21 x 10~" ergctrT 2 s _1 . The flux in the 
soft 0.1 - 0.5 keV energy band exceeds the hard 0.5 - 10.0 keV 
flux during the whole orbital revolution. The bolometric fluxes 
of the individual unabsorbed model components lead to ra- 
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tios of fbb/^MEKAL ~ for the orbital mean and of 

(fbb/^MEKAL)biighti ^ 5- 7 -H for the nrst bright phase. Owing 
to the partial-covering absorption term employed in the spectral 
fits, the plasma temperatures are lower than in models that do not 
account for intrinsic absorption. In particular, the spectral reso- 
lution and range of the ROSAT spectra of polars was not high 
enough to derive both a reliable bremsstrahlung temperature and 
the absorbing column density. Hence, the cooler plasma com- 
ponent contributes more significantly to the emission in the soft 
X-ray regime, resulting in a lower ratio of the extrapolated fluxes 
of the black-body to the mekal components. 

On August 15, 2005, the total integrated flux F ho i = 1.6^j x 
10~ 10 erg ctrT 2 s _1 was notably governed by an increased black- 
body component, while the model flux in the hard band stays at 
a low level. Due to the low count rate above energies of 0.8 keV, 
extrapolating the model flux to a wider energy range would have 
produced unacceptably large uncertainties. We therefore used 
the flux ratio in the XMM-Newton bands, F soft /F ha rd = 130+^, 
as a lower limit to the bolometric flux ratio. The black-body flux 
is remarkably higher than on August 22, indicating that the mass 
accretion rate is higher by a factor of more than one hundred. 
This may induce a stronger temporal and spatial inhomogeneity 
in the accretion stream, forcing more material into dense blobs. 
In consequence, the contribution of the hard X-ray emission will 
be lower than in states of lower accretion rates, producing a dis- 
tinct change in the spectral shape as seen in Fig. [8] The pro- 
nounced flickering in the X-ray light curves supports the idea of 
blobby accretion playing a larger role at that time. 

An extreme dominance of the soft X-ray component was also 
found in the XMM-Newton spectra o f VI 309 Ori with a bolo- 
metric flux ratio of several thousand (Sch warz et al. 1 120051) and 
of the sho rt-period polar EU U Ma with a luminosity ratio of 
14 - 2800 (iRamsav et al.ll2004 . In the few systems lacking dis- 
tinct soft X-ray em ission, such as 2 XMMpJl 3 1223.4+ 17365 9 
dVogelet alj|2008b and V2301 Oph dRamsav & Cropperll2007l) . 
the flux maximum of the reprocessed component appears to be 
shifted towards the EUV and UV regime. The same could ap- 
ply to objects that show a detectable, but very we ak soft compo- 
nent, such as EV UMa (Ram say & Cropperl2 003). This interpre- 
tation implies that single black-body models, adjusted to the X- 
ray regime, generally give only a lower limit for the reprocessed 
emission from the accretion region and thus for the flux ratio. 
To quantify the soft X-ray excess, multi-temperature models are 
required not only to describe the emission from the post-shock 
accretion column but also to adequately take into account the 
soft X-ray emission from the accretion area on the white dwarf. 

6. Accretion geometry of the system 

Depending on the field topology, the magnetic flux density, and 
the ram pressure of the free-falling accretion stream, coupling 
of the accretion plasma onto the field line trajectories can oc- 
cur at different locations within the binary reference frame, and 
the infalling material may be channeled into one or more accre- 
tion regions on the white dwarf surface. Constraining the geom- 
etry and location of the active X-ray emitting accretion region(s) 
is important to understanding the origin of X-ray soft and hard 
components and their flux balance. 

Prominent light curve features and phase-resolved spectral 
modeling may provide insight into the system geometry. Since 
it is crucial to know their orbital phasing, we convert the pho- 
tometric into orbital phases as described in Sect. 13.11 and re- 
fer to these values in the following discussion, which is valid 



based on the assumption of synchronous rotation. These features 
are for instance the two bright phases in our X-ray light curves 
and the minimum in-between. The almost identical fits to the 
bright-phase spectra strongly indicate that the complete soft X- 
ray emission originates in one and the same accretion region. 
The minima around i/j or b = 0.26 and 0.81 ((p p hot = 0.45 and 0.0) 
are pronounced mainly in the soft X-ray flux and may have their 
origin in a variety of mechanisms. These include a total or partial 
self-eclipse of the accretion region by the white dwarf, absorp- 
tion in the accretion stream, or random mass-transfer variations 
on timescales of several hours. An occultation of the white dwarf 
by the secondary star can be excluded, since it would be expected 
to occur at inferior conjunction. 

6. 1 . Self-eclipse of the accretion region 

A self-eclipse occurs when the accretion region passes behind 
the limb of the white dwarf because of the stellar rotation. 
Such a feature was found in the X-ray / EUV light curves of 
several polars such a s AR UM a (ISzkodv et al] 1 19991) . MT Dra 
dSchwarz et alj|2002l) . VV Pup dVennes et al.lll995l) . The X-ray 
spectra during phases of self-eclipse are characterized by a van- 
ishing emitting area, at least of the soft X-ray component, while 
the intrinsic absorption remains nearly constant. 

At a system inclination of / ~ 70° (Kataiainen et al. I l200l . 
a partial or total self-eclipse is plausible for AI Tri, if the co- 
latitude of the accretion region is higher than 20°. Of the two 
phase intervals with reduced X-ray emission detected for AI Tri, 
the major faint phase exhibits the characteristic signatures of a 
self-eclipse, indicating that larger parts of the accretion region 
might disappear behind the horizon of the white dwarf between 
(forb = 0.61 and <^ or b = 0.86. During the y? or b = 0.21 - 0.31 in- 
terval, the hardness ratio is not higher than zero, and soft and 
hard X-radiation are emitted at a similar level. An eclipse of the 
accretion region, hence, is less likely to explain this phase. 

6.2. Stream absorption 

When the accretion column crosses the line of sight, it can ob- 
scure parts of the accretion region. This manifests itself as a 
sharp dip in the soft X-ray light curves with a typical duration 
of Atp ~ 0.1 and as significantly enhanced absorption in the X- 
ray spectrum. Light curves and spectra of AI Tri display this 
behavior during the soft X-ray minimum around tp or \, = 0.26. 
The partial-covering absorption term in the spectral models rises 
markedly; the hardness ratio of the light curves increases from 
HR ~ -0.8 to values around zero (Fig. The short ingress 
and egress times and the duration A(p = 0.1 of the light curve 
dip are also consistent with an origin in stream absorption. The 
energy-dependent dip due to stream absorption and the broad 
faint phase in the X-ray light curves of AI Tri resemble the prop- 
erties of the high-field system AR UMa dSzkodv et aD 19991) and 
the two-pole accretor MT Dra dSchwarz et al.l2002l) . Their X-ray 
emission can be explained in the same way. 

6.3. A second possible scenario 

The faint phase might alternatively be interpreted as stream ab- 
sorption and the X-ray light curve dip at ip OI \, = 0.26 as a self- 
eclipse of the accretion region. In consequence, the optical and 
the UV light curves would then be anti-correlated with the X-ray 
data, which would disagree with the standard picture of accre- 
tion in polars (e. g. lKing & Lasotalll979l:lLamb & Masters!! 19791) 
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v|/ = 276° 




Fig. 9. Sketch of the bin ary geometry on the basis of the spectro- 
scopic phasing derived by Sch warz et al.l d!998t) . valid in the case of 
synchronous rotation, the Roche lobes being calculated for a mass ratio 
of Q = Mwd : Mi = 1.5. The individual phase intervals are marked to 
illustrate the formation of the most prominent light curve features. 



in which the maximum flux in the UV range is seen when the 
accretion region passes the line of sight - just at the phase of 
the stream eclipse. If the ultraviolet light curve, however, were 
dominated by the revolution of an extended accretion column, 
we may see its irradiated su r face i n anti-phase with the soft X- 
ray emission. lOsborne et al.l d 19871) describe an anti-correlation 
of optical and soft X-ray flux for QQ Vul, another long-period 
polar, and consider a possible connection to accretion by means 
of dense filaments. 

However, the length of the faint phase, the slow ingress, and 
the low intrinsic absorption do not agree well with the char- 
acteristics of a stream dip. The short soft minimum around 
forb - 0.26 cannot be identified in the former ROSAT light 
curves. A phase of self-eclipse, however, would be expected to 
recur on longer timescales. For both reasons, we consider this 
second scenario less likely. 

6.4. Orientation of the main accretion pole 

According to the standard picture of the accretio n geometry in 
polars, described for example by Cropper (1988), the magnetic 
pole of the white dwarf onto which the major part of the accre- 
tion stream is directed is normally found between longitudes of 
if/ — 0° and 90°. In the alternative interpretation of our X-ray 
light curves presented in Sect. 16. 31 the accretion region of AI Tri 
would be visible from i^ or b = 0.31 until (p OI \, = 1.21 and, thus, 
be located around iff - 87°. In our favorite scenario (Sects. 16.11 
and 16.2b . on the other hand, the bright-phase emission is cen- 
tered around ip OI \, ~ 0.23, which corresponds to an unusual longi- 
tude iff = 280° of the dominating pole. But a standard geometry 
can also be preserved in this case, if the system rotates asyn- 
chronously. Asynchronous rotation cannot be excluded, as most 
of our observations (including the ROSAT and XMM-Newton 
data) trace solely the spin period. The information about both the 
orbital period and the phase shift between photometric and spec- 
troscopic ephemeris is derived from the optical spectroscopy of 
ISchwarz et al.l (1 19981) in 1992/93, who report an upper limit on 
the order of 10~ 4 for the degree of synchronization. To place the 
accretion region of AI Tri within the first quadrant, the orbital 



phasing at the epoch of the XMM-Newton observations had to 
be shifted by Aip 0I b ~ 0.2 - 0.5. A phase shift of this order 
can be achieved by a small degree of asynchronism of at least 
| Port, _ Psnin j/Pnrh —2 — 5 x 10~ 5 . This is even below the value of 
0.28 % that lStaubertetalJ (120031) derive for V1432 Aql, the po- 
lar w ith the slightest non-synchron ous rotation determined up to 
now. iCampbell & Schwopd dl999) indeed suggest that a signif- 
icant number of polars with an undetected slight asynchronism 
may exist. 

6.5. The hard X-ray emission 

Low hard X-ray flux remains detectable throughout the orbital 
cycle. The emission may originate in an extended accretion re- 
gion that is not totally eclipsed. Another possible explanation is a 
second accretion pole that is only visible in the high energy range 
and accretes at a low mass-flow rate. Episodes of accretion onto 
two poles with diffe rent hardness ra tios were ident ified for exam- 
ple in AM Her (e. g. lMatt et alJ2000h. in MT Dra (ISchwarz et all 
2002), and in BY Cam dRamsav & Cropperll2002l) . one of the 
few known asynchronous systems. 

6.6. Long-term variation 

The X-ray light curves obta ined with ROSAT and XMM- 
Newton between January 1991 (ISchwarz et alJl998h and August 
2005 (this work) do not completely repeat themselves. A pro- 
nounced faint phase before or around tp p hot = 0.0 (y> rt> = 0.8), 
though, appears to be common to all X-ray light curves, which 
is consistent with the characteristics of a self-eclipse. It largely 
coincides with the UV and optical minima and with a peak in 
the linear polarization dKataiainen et al.l200ll) . The ROSAT HRI 
light curves taken between January 15 and February 5, 1998 are 
similar to the XMM-Newton light curves, but lack the deep soft 
X-ray minimum around ip p hot = 0.45 (ip or b = 0.26), identifiable 
in the XMM-Newton data on August 22, 2005. 

The accretion scenario described above cannot explain all 
the phenomena in the XMM-Newton and archival ROSAT data. 
In particular, the emission during the second bright phase is 
lower than during the first one; and the count rate changes dis- 
tinctly between the different X-ray observations. An expanded 
accretion curtain along the ballistic accretion stream might re- 
duce the flux betw een <p nr h _ 0.3 and .7, as confirmed in the 
case of HU Aqr by[Schwope e t~aT]d200Tb . Such an accretion cur- 
tain would account for the slightly enhanced absorption inferred 
by the spectral fits to the XMM-Newton data during the second 
bright phase, and be consistent with the finding that the narrow 
emission line compo nents in the optical spectra are asymmetric 
(ISchwarz et al.l 1998). By more or less effective shielding, the ac- 
cretion curtain could indu ce the other strong vari ations detected 
in the X-ray light curves. Schwope et al. (2001) report similar 
effects in the light curves and spectra of HU Aqr. 

Other possible reasons for the long-term evolution of the 
light curves are switches between one-pole and two-pole ac- 
cretion or a rearrangement of the accretion geometry. The lo- 
cation of the threading region, where the ionized matter in the 
accretion stream attaches itself to the magnetic field lines and is 
lifted off the orbital plane, depends on the mass accretion rate 
M. A change in M will influence the stream trajectory and thus 
the region of impact onto the white dwarf at the footpoints of 
the magnetic field lines, whose spread determines the form, ex- 
tent, and location of the accretion region. A large number of 
dense filaments in the stream in addition affects its structure. 
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The phase shift of the irregular optical light curve minimum 
on August 17, 2005 could reflect this modified accretion ge- 
ometry. The spectral fits to the 2005 August 15 XMM-Newton 
data indicate a highly increased mass accretion rate at this epoch 
(Sect. |52]). Inhomogeneities and changes in the emission region, 
hence, are likely. The irregul ar mode of the V-ban d light curves 
on October/ November 1992 (ISchwarz et al.lll998h could be ex- 
plained in the same way. 

7. Conclusions 

By analyzing our phase-resolved X-ray spectroscopy with 
XMM-Newton, we have confirmed a strong soft X-ray excess of 
AI Tri. Both the emission from the heated accretion spot and the 
emission from the post-shock accretion flow depart from single 
temperature models. From our multi-temperature approaches, 
we have found a bolometric flux ratio of F^/Fmekal ~ 5.7^ 5 
between the two components during the bright phase of AI Tri 
on August 22, 2005. An even higher flux ratio of F so ft/^hai-d ~ 
130^?y in the XMM-Newton energy bands was observed on 
August 15, 2005, when the total source flux was by a factor of 
at least ten higher. The distinct soft X-ray excess is probably 
related to inhomogeneous, blobby accretion as indicated by the 
high variability of the optical and X-ray flux on short timescales. 

From the light-curve characteristics and the spectral vari- 
ation in the intrinsic absorption with phase, we have inferred 
the most likely geometry of AI Tri. One main soft X-ray emit- 
ting accretion region undergoes a self-eclipse and a short period 
of accretion-stream absorption during the orbital revolution of 
the system. In this interpretation, the maxima of the UV and 
optical light curves occur at the moment that the accretion re- 
gion passes the line of sight. The finding that hard X-ray emis- 
sion is present at an almost constant, very low level over the 
whole orbital cycle, including the faint phase, may imply that a 
second accretion region with weak hard X-ray emission exists. 
Changes in the accretion geometry may occasionally occur, pos- 
sibly in response to significant variations in the mass accretion 
rate. Signatures of these changes are the irregular light curves on 
October/ November 1992 and on August 17, 2005, and the new 
minimum dip seen in the V-band light curves from November 
2006 onward. 

Assuming synchronous rotation of the white dwarf with the 
binary orbit, the main accretion region appears to be located 
around an unusual longitude of \p — 275°. Since we extrapolate d 
the spectroscopic ephemeris from data of lSchwarz et al.l (fl998). 
obtained more than ten years before our multiwavelength obser- 
vations, we cannot exclude there being a slightly asynchronous 
rotation of AI Tri within the accuracy reached. Future optical 
spectroscopy is necessary to clarify the ephemeris and to finally 
decide on the location of the accretion pole(s). 
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